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The nature of the bonding in many organometallic systems can be

understood in terms of molecular theory and arises essentially

from the interaction of the s,p and d orbitals of the central

metal atom with the 7r orbitals of the conjugated system.

The ap lication of such theory2 to complexes of the type
CnHnMYM whore n = 4 --- 8, M is a transition metal and Y a ligand

leads to tho prediction of increasing charge transfer from the ring

system to the central metal atom as n increases from 4 to 6 within

isoelectronic complexes. This result follows from the nature

of the interactions between CnHn with a ground state a2I e~.

ey(x = 2---, y = 0---2) and the metal orbitals under the local
2

symmetry Dn (n = 4...); the interactions will be of the type

(a, 4s/4p), (e,3d/p), and (92 3d). The first of these must

lead to charge transfer to the central metal atom since the

,tally-symmetric orbital is always filled but the extent of charge

transfer in the other two will depend upon x and y. Thus for a

cyclopentadienyl complex, n = , x = 3, Y = 0, there will be some

charge transfer to the metal but less than for a bensene complex,

n = 6, x = 4, y = 0, since the e interaction in the latter is

between a filled 71 orbital and empty metal 3d/4 p hybrids. In

both cascs there will be back-donition from the metal to the

empty 62 orbitals but the dominant factor will be the difference

in the eI class. For complexes in which the ligand Y is a carbonyl



the extent of charge transfer is rcflcctod in the carbonyl

stretching frequencies; the greater the negative charge on

the metal atom M, the greater the transfer to the vacant

orbitRls of the carbonyl group and hcnce the lower the C-0
3

stretching frequency. This is illustrated by the sequence 3-

"t- C H 5 n(CO) 3 , 2035, 1953

+ 1T- C(HECr(CO)3, - = 1981+, 1916

(+ present work)

In this poer we wish to discuss tht transmission of

electronic effects due to the substituent X in complexes of

the type lr-XC6H5 -Cr(CO)3 . The nature of this effect will

be first considered in terms of molecular orbital theory

analagous to that of the introductory discussion. The

theoretical results are then compared with experimental evidence

both from the cirbonyl stretching frequencies and from solvent

effects upon the sime.

blecular Orbital Thjory

As a model for the complex V-X-CEHSCr(CO)3, we assume

the structure shown in Figure I in which the plane of the

aromatic rin4 is pirallcl to the xy-pline containing the

chromium atom; this structure is known to be correct for the

unsubstituted compound.

Fig. I

I .



The threc carbonyl groups possess C3v local symmetry

whilst the aromatic component possesses only C2v local symmetry.

The CO"-orbitils of the (CO)3 group fall thercfore into the

re)resentation 41 + E whilst the mr orbitaIls fall into

'I  + 2B2. The symmetry classification of the interaction of

these orbitals with the central metal s,p and d orbitals in

the above complex is given in Tible I

XC6 H Orbitals Metal Orbitals Ligand Orbitals

l 1 (i+s )
(P )

2 a1  ( 4z ~a
(3dz2)

( 3dxz) c(4Px) x

3dxy

3dx 2

lb2  3y z

2b 2  4py

.- quantitative estimatc of the above interactions is

given first by the various group overlap integraluind, secondly



by the differences in the Coulomb terms of the respective

orbitals. These were evaluated for the nbove system for two

extreme cases in which (a) X is assumed to be highly electro-

negative, that is an electron-attracting substituent (+E on

Dewar Notation) and (b) X is assumed to be highly electropositive

that is an electron-donating substitucnt (-E). These cases

were obtained by evaluating the m6lecular orbitals for the

molecule C6H5X in which the Coulomb term of the heteroatom X

and its resonance integral with an adjacent C (2pW ) orbital

are given by:-

H xx= H cc + cc

He

The paramcters m ind n were assigned the values m =2.0

and n = 1.00, 1.80 which cover the two extreme type of substit

uent. The cocfficients of the isolited molecular orbitals were

then obtained by standard procedure. The group overlap in-

tograls between these Worbitals and the virious metal orbitals

were cilculated for the above model in which the Cr - 4

S= I....) distance wis takcn as 2.25Q, O' Cr - X dis-

tance as 3.3A, this lattor distance is that calculated for

the chlorobenzenc corplcx but since the overlap integrals are

relatively insensitive to small differences in this distance



FV F
the results trre generally applicable. The chromium atom was

assigned the configuration 3 44s2 and the screcning constants

of the Slater 3d,4s and 4p orbitals cilculated accordingly.

The formulao used for c-acul-ating the group overlap integrals

were identical with those 'erived in earlier papers5 but as an

illustration we 4ivc bclow tht forrmula for the overlap integral

between a totally - symmetric 1Y.- orbitil and the 4p, orbital

of chromrium

where ci is tho cocfficlunt of ith carbon ator: in the given

molecular orbital -nd ei the angle bctwvc cn the Z axis -nd the

M - Ci rector. The constitucnt overlp integrals, viz S(2p.d#),

6(2p#3c), S(2p9*S), S(2p tj ) + S(2p +Pp ) were obtained by

interpolation from the t-blc' of Taffk, Cotton et a. and Brown 6

respectively. Th rcsults are given in Tablc 2. The group

overlap integrals 4voDvinf , u and 3d o-bitnls were
Z-

found to bc small for thc. range of the prameters

m and n. The anti-syrio tri a orlitalz -ire Independont of the

substituent and oo do not contribute to any difference in

electronic effects in the !uot-tuted sys;ems. We also give
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in Table 2 in parentheses the differences in the Coulomb terms

of the V" orbitals and of the chromium orbitals. The latter

were obtained from spectroscopic data7 ind the former by

identifying the first ionization potential of benzene with the

Coulomb term of the highest filled orbital, H(elel). The

various terms for the two ciscs of substituents were then obta'ned

from the respective roots taking the resonance integral Acc

as 2.5 cov. 5 This procedure does not, of course, give

reliable absolute values for these terms but it should provide

a rcasonable scile of values.

Groun OverlaD Integrals and Coulomb Term Differene s

+2.0 l1-i 0.151 0.l46 0.092 0.044 -
-0.21 (8.2) (6.5) (6.5)1.0

-2.0 la, 0.211 0.026 0 019
(4.3) (6.9) (5.0)

+2.0 2-i1  0.150 0.119 0.032
(1.1) (6.2) (".5

1.0
-2.0 2a, m.08 0.258 0.268 -0.090

(2.0) ('.)(2.7) (247)

/ovor
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Table 2 (contd).

+2,0 3a 0 180. 2J 0,09k

-2,0 1.0 0-0 0.027 0.161
(-2.0) (-2.0)

+2.0 4a 40 0.15

1.0
41 0.04- 0.122

+2.0 Sl-- 0.132

1.0
5 ~i -- - -0.059

+2.*0 lal 4 0.1 i64 0.113 0-05k -

*2.0 2a, 0,164 0,124+ 0.112 -

1,0(3.6) (6.1) (4+.3)I
-2,0 2a1 0.0146 0.2148 0.251 -0.078

(2.50) (5.0) (3.26)

1.8o (2,b (1,20)(1.20) (12

-2.0O 3a 1  0.039 C.080 0.155 0.055
(0.52 (-1.23) (-1.23) (-1.23)

+2.0 - 0.1)42 0.051
1(-3.30) (-3.30)

-2.0 1.60 41, 0.0501%

+2.0 5,09119
1,8o a (-5.50)

/over



Benzene 2(Y,)+S) S(Oft +px) S(f 3)

Substituent al .207
X absent (.2)

Cl - 0.244 0.271
(6.7) (2.5) -

02 - - - o.165
(-2.5)

Consider first the interactions between the filled totally

symmetric 7Y orbitals (lal---3aI ) of CH5X and the empty s, px

and 3dxZ orbitals of the chromium atom for the two extreme cases

m = +2.0 and -2.0. In the case of the la* orbital the interac-

tions with the '+Px orbital will be small in view of the large

difference in Coulomb terms. The integral S(lal,+s) is greater

for m = -2.0 thAn m = + 2.0 whilst the Mi value is smaller. For

the interiction (lal,3dxz) the integral is smaller but so is the

W vilueo The predominant interaction is greater then for

m= -290 than m = +2.0, hence gr ater charge transfer will occur

from the filled It orbitals to tho empty metal orbitals. Similar

arguments apply to the interactions (2a, 4px ) and 2al3dxz).

However, the reverse conclusion is true in the case of the 3a,

orbital, since here the interactions ire grciter and the M

values smaller for m +2.0 than for m = -2.0. Now consider



the intorption of the empty )+a# %nd 5a, orbitals with the

filled 3dy and 3dx2.y2 chromium orbitals. For both orbitals

the overlap integrals arc greater and the DH values smaller for

m a +2*0 than for m = -2.0. In other words thero will be greater

back-donation from the chromium atom to the empty ft-orbitals

of the C6Hysystem in the case of m = +2.0 than in m = -2.0.

We conclude from these arguments then thit for both electron

donating and electron accepting substitucnts there will be charge

transfer to the chromium atom but that it will be greater for

the electron donating substituent (m = -2.0). It is apparent

from table 2 that the above arguments are in fact equally if not

more valid for the case n = 1.80 than for n = 1.00.

The above conclusions based on the molecular orbital theory

of these complexes suppoorts a more naive chemical approach which

considers the complex to be equivalent to a conjugated system.

The transmission of electronic effects through such systems

containing both 77 orbitals and central metal orbitals is then

seen to be sirilar to those observed in simple conjugated molecules*

In a complex containing carbonyl groups as simple ligands

any negative charge accumulated on the central metal atom will

be dispersed in accordance with the Pauling electroneutrality

principle by back-donation to thc carbonyl groups* This donation



will lead to an increase in the metal m carbon bond order and

to a lowering of the carbon - oxygen bond order and hence to a

decrease in the earbonyl stretching frequencies. Accordingly,

the carbonyl frequencies of a numbGr of substituted complexes,

V -X -C6H5Cr(CO)3, were measured in solution and compared with

those of the unsubstituted complex nd of chromium hexacarbonyl

Itself. The measurements were made on solutions in cyclohoxane,

chloroform, carbon tetrachloride and dichloroethane. The bands

were in general quite sharp but a spl" ttin of the lower frequency

was often observed for the substituted compounds; this is pro-

sumably due to the lifting cf the degcaeracy in the trigonal

(CO)3 group in the presence of a subs'Atuent (see Figure 1).

Where comparison is available, tLe re.alts agree well with those

of Fischer3; the maximum differei ,e 1, 2 a .1 and this is probably

the limit of accuracy of the measurements. The results are given

in Table 3.

FreOces to X OM-.

biVOit Ct(CO)6  ClC6H5  (c6r6)cr(co)3  01 If2
•Or(CO) 3  -Cr(CO 3  -C(CO)3

1987 1992 1984 197 197
C6%2 1930 1916 1902 1

.. ... ... . .l" 1973.,,......z

192

W1 M~ 1"0 -
1972 _13

1905 149217

_I



It Is Imediately obvious that, independent of the $02*eMt

and of the type of band, the C-0 frequencies, (C a 0), lie in

the sequene s-

p 46Ci > It p-NH2  P -N"40

which is in agreement with the above theoretical predictions; that

is, the greater the electron-donating power of the substituent, the

greater the charge transfer to the chromium atom and hence the lower

the carbonyl frequency. Attention has alrendy been drawn by Flseher3

to the correlation between the carbonyl stretching frequency and

the dipole moment of a complex8 ; this correlation provides further

support for the theory,

In a recent paper, Nyholm et a19 Irew attention to the effect

of solvents upon the carbonyl stret.hing frequencies of both simple

and substituted metal carbonyl33 It was found, fo:- exanple, that

in complexes of the type MD(CO)4, w'ere i) is O-phenylenobisdl-

Methylarsine, the carbonyl frequenct, is i'ar more sensitive to the

polarity of the solvent than in the simple carbonylso The effect

was considered as being most probably due to a dipole-dipole type

of interaction so that increasing back-donation to a carbonyl group

will inerease the solvent effect, We have used the same criterion

to corroborate the charge effects in the complexes considered above

as shown in Table 3,

The frequency shifts of the different carbonyl bands as



between cyclohexane and the other solvents is given In Figute 2

for the above series of substituents. Although the differenoes

between these shifts ,re sometimes, within experimental error

the same trend is observed for all frequencies and fully supports

the conclusions based upon the absolute positions of the frequencies.

It is interesting that the solvent effect is greater for the degen-

erate mode than the totally symmetric.

It follows then that the solvent effect is a useful measure

of the charge distribution in these complexes and provides fuither

support for the thooreticil predictions. Direct comparison with the

metal cirbonyl is not strictly valid but it is noteworthy that for

all the complexes the solvent effect is greater thin that for the

simple carbonyl,

The above results also lend suppcrt to n theory of solvent

effects proposed by Pullin10 . .ccooding to this theory the frequen-

cios vr and vs of two vibrational modes of a molecule in a series

of non-polar solvent4s should be lincarly related since ill con.
0.

tributions to them arc assumed proportional to solvent function.
This latter is closely related to the term, 2 e

derived for a model of solute-solvent interactions in which the

solute molecule is considered is a point dipole at the contre of a

spherical cavity of radius a in a Adicloctric constant C The

plot of % (;&) against ) (E) in Figure 3 for the unsubstituted

complex supports the ibove argument; the effect of increising



P4*terd of sdlvot tes not apparently lead to much error in

08 mios. Similar lifwarity is observed for the substituted

oltees.

The arone ohroiium tricarbonyl complexes were prepared

teording to the method of I'icholls and Whiting. It vis found

that careful deoygenation of solvents and the use of reaction

temperatures below 1300C greatly reduced the decomposition of the

complex during reiction. The compounds werc purified either by

sublimation or recrystallization from dry ether. Melting points

agreed with those of the above authors saft for the dimethylaniline

complex (138-139P oompared to 145 160). Cyclohexane vas distilled

through.12' column under nitrogen and the remaining solvents were

purified by standard methods.12 The infra-red spectra were menswed

on a Perkin-Jimor 21 instrument using lithium fluoride opties;

dilute solutions (O - 10"4k) were employed.

The N e N stretohing frequencies of solutions of aniline,

%niline chromium tricarbonyl ,nd p-toluidine chromium tricxirbonyl

n oarbon tetrachloride solution wore measured. . concentration

of 0.002 M was employed so -as to preclude ny difficulties afisItu

fm latewmoleoulfw Robonding. Lithium fluoride optics were used



and calibration was made by means of i polystyrene film and vmter

vapour covering the region from 2*o to 3.4u, The results are

compared with those for the unsubstitutod compounds obt.ined by

Califano and MoccLa1 3 in'Tabla 4

N ow amne Complexes j..

Compound Present Work Califano and Woccia

Aniline 3179 34+78

3396 3395

• niline Cr(CO)3  31+78

3393

p-Toluidine 3469

- 3388

p-Toluidine Cr(CO)3  31.72

3390

It follows from these results that the formation of the

complox XC1 5.--.-Cr(CO)3 has little effect upon the N . H

stretching frequoncics of thc substituont X. This result is in

*



contrast to the bchaviour of p-substituted anilineC in which it

is found that both N - H frequencies arc a direct function of the

elcotronic character of the p-substituent as evidenced by its

Hamett o value. Obviously the formation of a lV complex of

the above type means that a direct correlation between the electron

density at the Nitrogen atom and the N - H frequency no longer

holds. The reason for this fact is not clear; it may arise from

a slight change of hybridization it the N itom on complexing,

That a reduction in density does occur sGms well proven from the

prececding discussion so that the above results are anomalous.

nM a values Of Iline C 2mnlexes

attempts were made to determine the pKa values of the aniline

and dimcthylniline chromium tricarbonyl complexes in 50% aqucous

ethanol as suitable solvent. Initial determinations employing

the potentiomctric titration vre abandoned in view of intermoloc-

ular hydrogen bonding which occurred -t the concentrations employed

in this method. The spectrophotomctric method was found more

suitabla except that for the above complexes rapid decomposition

occurred in acid solution, If it assumGd, however, that the

initial roaction is that of protonation and the subsequent reaction

that of decomposition then by constructing tRngents to the curve

of optical density (at 31501 and 3175! rospectively) against tim,

V.* _



I
it is possible to obtain a value of the indicator ratios-

The 99a values so obtained arc given below in Table 5.

UKA ~in ~~iau ta~

Compound Mean pU

Aniline 4.10

Aniline-Cr(CO) 3  1.15

Dinethylan line 4.14

Dlmthylsniline-C(CO 3 1.77

Some caution is required in interpreting the above data sile

the above decomposition reaction is only Just being studied. Howvr,
if the above assumptions are correct then the pKa values so obtalied

ae in both cases consider2bly lover than those for the free amin,
In other works ease of addition of a proton to the nitrogen at=

Is reduced, that is, the elcotron densut7 at tho nitrogen atom Is

considerably lower in the complex than In the free einee This Is

again in accord with the theorotica1l predictions*
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